The objective of this paper is to present an innovative CFD algorithm for the simulation of wake vortices generated by helicopter rotors. Special emphasis is placed on the CFD technology in terms of: -basic requirements for these CFD algorithms, -general CFD development stages, -important CFD issues such as accuracy, efficiency and parallelization, and -demonstration of a prototype CFD system on test cases relevant for vortex wake simulation.
Executive summary
The objective of this paper is to present an innovative CFD algorithm for the simulation of wake vortices generated by helicopter rotors. Special emphasis is placed on the CFD technology in terms of:
-basic requirements for these CFD algorithms, -general CFD development stages, -important CFD issues such as accuracy, efficiency and parallelization, and -demonstration of a prototype CFD system on test cases relevant for vortex wake simulation.
The CFD algorithm presented is characterized by the following key components:
-the conservation laws are formulated in an Arbitrary Lagrangian Eulerian (ALE) framework using a single, dynamically deforming and boundary conforming, hexahedral grid, -the conservation laws are discretized using a second-order accurate discontinuous Galerkin finite element method,
-the boundary conforming, hexahedral grid is adaptively refined and derefined on an elementby-element basis depending upon a vorticity sensor.
This algorithmic CFD research falls under the proliferation stage of CFD development. One of the conclusions of this CFD research is that the proposed, innovative CFD algorithm which combines the standard ALE formulation with the unconventional DG finite element method (including grid adaption) can meet the basic requirements for CFD algorithms that need to be satisfied if one wishes to establish standard and reliable CFD tools for BVI noise. ) . 36
Figure 9
The adapted Caradonna-Tung grid (135,280 elements). Shown are the periodic plane at z=0 and the plane at x=-3.6. Blade-vortex interactions take place on both the advancing and the retreating sides of the rotor disk. However, from an acoustics point of view, the interactions on the advancing side are more dominant due to the locally higher Mach numbers.
BVI prediction
The presently available solution techniques for predicting the unsteady aerodynamic response of rotor blades during BVI can be classified in two categories:
(i) vortex based methods, with a rigidly prescribed wake geometry or with a free wake geometry, and
(ii) Euler/Navier-Stokes methods.
Vortex based methods have more severe limitations than the more comprehensive Euler/NavierStokes methods. Some of the deficiencies of vortex based methods are well known and are related to the additional unknown parameters (core size parameters), which have a direct influence on the position and/or motion of the vortex.
To accurately predict blade-vortex interaction noise, one must accurately compute the location as well as the strength of the tip vortex wake from the CFD model itself since small changes in these parameters can result in significant differences in the blade-vortex interaction noise levels.
In recent years there has also been a large body of research in helicopter aerodynamics aimed at applying and/or improving Euler/Navier-Stokes CFD techniques originally developed for fixed wing aircraft (Ref. 10). The two techniques commonly used are the 'Chimera' or Overset grid technique (Refs. 3, 12, 22, 30, 24, 13) and the more recent methods based on the Arbitrary Lagrangian Eulerian (ALE) approach using a dynamically deforming, boundary conforming grid (Refs. 4, 29) . Despite all this CFD research, experimental programs are the dominant approach in industrial projects.
Basic requirements for CFD algorithms
The following basic requirements are identified as important issues to be considered during the present study:
(i) The CFD algorithm should allow for a realistic simulation of rotor wakes with the object of predicting BVI noise. Realistic means that the CFD algorithm is required to handle general blade motion. The blade motion functionality represents the helicopter blade pitch, flap and lead-lag motions, and elastic deformations.
(ii) The CFD algorithm should be able to accurately capture tip vortices over a distance of oneand-a-half revolutions to enable BVI. Exploring the applicability of these unconventional CFD technologies to rotor wake problems requires a long term point of view. For that reason it is important to recognise the various CFD development stages.
CFD development stages
Within the Boeing Company four stages are identified in the development of CFD capabilities.
These stages are in chronological order (Ref. 9):
(i) the discussion stage, which incorporates the identification of the specific CFD need, the consideration of the objectives and approaches and a research on the feasibility,
(ii) the proliferation stage, where attention is focussed on the technology, important issues of the problem are explored, prototype systems using various approaches are built and initial applications are demonstrated, (iii) the standards stage, in which consensus on the objectives and approaches has to be achieved and attention focusses on interoperability, robustness, metrics, etc. and (iv) the reliance stage, where attention is focussed on the processes and not the technology, the emphasis lies on consistent and assured quality, high throughput, user support and embedding the CFD capability in large processes.
The algorithmic research of this paper falls in the proliferation stage of CFD development.
Outline of paper
First the discontinuous Galerkin (DG) finite element method is outlined. Special attention is paid to the vortex sensor and vortex grid adaption. Some of the extensions applied to the DG method to be able to simulate the flow field for a helicopter rotor in hover or in forward flight are dis- Boeing Mesa, which can be regarded as a prototype system using a more conventional CFD algorithm. The vortex persistence for the Caradonna-Tung rotor is illustrated by showing iso-contours of the rotary stagnation pressure loss both for a medium grid with adaption and a fine grid without adaption. Finally, concluding remarks are made.
CFD algorithm

Discontinuous Galerkin method
The DG flow solver is based on a discontinuous Galerkin finite element discretization of the un- 
Unique features
A unique feature of the present second-order accurate discontinuous Galerkin finite element method is that equations are solved not only for the mean flow field, but also for the flow field gradients.
This results in a very compact scheme, because it is not necessary to reconstruct a flow field gradient, necessary to achieve second order accuracy, using data in neighbouring elements. The present finite element method has shock capturing capabilities and is easy to parallelize because there is limited communication between neighbouring elements. The local behaviour of the present finite element method is also beneficial for grid adaption, which is done using anisotropic grid refinement.
At this point it should be remarked that anisotropic element-by-element grid refinement is utilised in the present research to recover an isotropic grid from an anisotropic, initial grid. The anisotropy of the initial grid is often a concomitant feature of efficient, structured grids.
Standard features
Dynamic motions can be simulated using a rigidly translating-rotating reference frame connected to the configuration. This requires some modifications to the discontinuous Galerkin finite element method defined in an inertial frame, of which the most important one is the incorporation of the grid velocity in the flux formulation using an Arbitrary Lagrangian Eulerian (ALE) formulation.
Using a Space-Time formulation the ALE DG method can be extended for simulation of arbitrarily moving multiple bodies, such as helicopter rotors in forward flight.
The discretization in time is based on an implicit time integration method. The use of an implicit time integration method is necessary, because there exists a very large discrepancy in time step imposed by stability constraints and the necessary time step for sufficient accuracy due to very small grid sizes, for example close to sharp wing edges. The non-linear equations of the implicit time integration method are solved using a FAS multigrid method.
Vortex sensor and vortex grid adaption
Different quantities can be used to identify vortices within a flow, for example the total pressure loss (or rotary stagnation pressure loss for a rotor in hover, see section 3.5), the vorticity magnitude 
Extensions for rotor simulations
The extension of the DG flow solver algorithm developed for fixed wing aircraft to the simulation of rotor flows consists of a number of steps, which will be discussed in this section.
Blade motion definition
During forward flight a helicopter blade makes a complicated motion, consisting of a main rotor rotation, a pitching motion, a flapping motion and possibly a lead-lag motion. In addition the blade also experiences elastic deformation. The simulation of a helicopter rotor in forward flight therefore requires the definition of the blade motion.
The blade motion is generated using a sequence of coordinate system translations and rotations, each one defined relative to the previous one. For each blade in the computational domain the sequence of coordinate transformations is defined and in this way a completely general blade motion definition algorithm is obtained.
Grid deformation algorithm
In order to allow the blade motion it is necessary to locally deform the grid around the rotor blades. The calculation of the grid deformation is comparable with the grid generation problem and is subject to similar requirements, such as the prevention of grid folding, especially around sharp corners such as trailing edges. iteratively with a conjugate gradient method.
Boundary conditions for rotor in hover
An improved far field boundary conditions for hover simulations can be derived using one-dimensional helicopter momentum theory (Refs. 21, 23).
In this method the rotor is described as an actuator disc and the far field wake velocity is calculated using actuator disc theory. The wake velocity obtained from actuator disc theory induces a mass flux which must be balanced by an opposite mass flux through the inflow boundaries. This mass flux is assumed to be uniformly distributed over sphere of radius r located at the center of the rotor disc. The thus obtained inflow velocity is added to the inflow boundary condition, resulting in an improved far-field boundary condition. In this analysis it is assumed that the flow field is incompressible and the helicopter rotor is approximated as an actuator disc with a constant loading.
This hover boundary condition requires as input the rotor disc center and radius, the center of the rotor wake at the outflow boundary and a known thrust coefficient.
Rotor in hover as steady state problem
A helicopter rotor in hover can be considered as a steady state problem when the Euler equations are formulated in a reference frame rotating with the same angular velocity vector as the helicopter rotor. This requires less computational effort than the solution of the equivalent time-accurate problem.
When defining the rotor in hover condition as a steady state problem, i.e. by using a single rotating reference frame, an additional source term accounting for the Coriolis force is introduced into the Euler equations (Ref.
2).
Rotary stagnation pressure
If one considers the helicopter rotor in hover as a steady state problem by formulating the Euler equations in a reference frame rotating with the same angular velocity vector as the helicopter rotor, the total pressure is no longer uniform in space for an isentropic flow, but varies with the radial coordinate. Therefore, the total pressure loss cannot be used to identify the vortex location.
In a rotating reference frame, however, an equivalent of the total pressure loss, being the rotary stagnation pressure loss, can be derived from the uniformity of rothalpy for isentropic flow in a similar manner as the total pressure loss is derived from the uniformity of enthalpy for isentropic flow in a fixed reference frame.
In a rotating reference frame the rothalpy is defined as 
Accuracy and efficiency
As opposed to 'Chimera' or Overset grid techniques conservation of flux variables is easily accomplished in Arbitrary Lagrangian Eulerian methods since a single, time-varying grid is used.
Combined with a discontinuous Galerkin discretization, ALE methods provide a powerful CFD technology for rotor wake analysis.
The distinguishing CFD key feature of the current algorithmic approach is the element-by-element
anisotropic h-refinement capability of the DG algorithm. The DG algorithm allows this h-refinement on an element-by-element basis without any special algorithmic components for hanging edges and vertices. Conventional CFD algorithms cannot handle hanging edges and vertices without considering them as special cases. The present second-order accurate DG algorithm remains accurate without special consideration of hanging entities.
Standard multigrid acceleration techniques can be applied to achieve a computationally efficient algorithm, since the discontinuous Galerkin method allows explicit time integration schemes for steady state problems. The same multigrid algorithm can be used in an implicit time integration scheme for time-dependent problems. Moreover, since the discontinuous Galerkin method is ex- 
Test cases
Three test case are considered. The vortex grid adaption sensor has been tested on the ONERA M6 wing as a first test case. The simulations are performed using an angle of attack The third test case involves the two-bladed OLS helicopter rotor in forward flight for BVI conditions and is subject of ongoing research.
ONERA M6 results
Three simulations are performed, i.e. a medium grid simulation without adaption, a medium grid simulation with adaption and a fine grid simulation. The medium grid consists of 55,040 elements, and the fine grid consists of 440,320 elements.
Fine grid
The convergence histories of the residuals on the fine grid are presented in Figs. 1(a)-(d) . 
Grid adaption
In the simulation of the medium grid with adaption the grid is adapted twice. During each adaption step the number of elements is increased by approximately 10 percent, so that the resulting grids consist of 55,040 and 68,944 elements. The results of the relative vortex strength, i.e. the vortex strength divided by the vortex strength at one wing span behind the wing, is shown in Fig. 3 . In this figure both the relative vortex strength based on the total pressure loss and on the vortex strength (see section 2.4) are shown. The wake region in the unadapted grid is characterized by anisotropic elements in the flow direction. Therefore elements are automatically adapted in the flow direction. Fig. 3 shows that for the twice adapted grid, which has 15.66 percent of the elements of the fine grid, the relative vortex strength based on both the total pressure loss and the vortex strength is NLR-TP-2000-051 equal to that obtained with the fine grid. Note, furthermore, that the decay of the vortex is much smaller in terms of total pressure loss than in terms of vortex strength, which suggests that a vortex grid adaption sensor using the total pressure loss (or rotary stagnation pressure loss for a rotor in hover) instead of the vortex strength is more appropriate to minimize the grid anisotropy in the vortex.
This application of adaptivity to a vortex persistence problem demonstrates that the second requirement for CFD algorithms, defined in section 1.3, can be satisfied by a second-order DG algorithm (1.5 revolutions is approximately equal to 5 diameters, which is less than 10 wing spans).
Need for extension to Navier-Stokes
It should be noted that for this specific simulation the grid has only been adapted in the wake using Simulations on this grid showed that, although giving the correct pressure distribution on the rotor blade and the correct thrust coefficient, the grid is insufficient to correctly capture the tip vortex over a distance of one-and-a-half revolutions.
The insufficiency of this single block OH-grid pertains in particular to the grid quality near the blade tip; to allow for a quantum jump in grid quality the blade tip geometry has been complemented with a cap (by revolving the NACA0012 tip profile around its 5 -axis). 6(a) ). Since the tip vortex moves downward more elements are located below the rotor than above the rotor. Near the outflow boundary the aspect ratio of the elements in the flow direction is increased to obtain a large amount of numerical dissipation resulting in a destruction of the vortex so that no interaction between the vortex and the outflow boundary condition is expected to occur, see Fig. 6 (a).
Caradonna-Tung multi-block grid
The resulting multi-block grid of one half of the computational domain consists of 55 blocks, with a total of 726,784 elements and 823,599 grid points (fine grid). However, simulations may also be performed on a one-time coarsened grid, i.e. with a total of 90,848 elements (medium grid).
Caradonna-Tung CH-grid
The grid used by the TURNS flow solver has a C-topology around the blade and a H-topology parallel with the plane of the blade. The grid used has 299 grid points in the wraparound C-direction, 71 points in the spanwise direction and 61 points in the normal direction. The total number of grid points in this grid equals 299
The grid is initially generated using a hyperbolic grid generator and is then curved in the azimuth direction to provide for periodicity near the zero and 180 degrees azimuth positions. The grid extends one rotor radius beyond the blade tip in the spanwise direction, and also one rotor diameter above and below the plane of the rotor.
Caradonna-Tung surface pressure results
The flow field around the Caradonna-Tung helicopter rotor using a collective pitch setting of The local behavior of the grid adaption is presented in Fig. 9 . Here, rotor blade 1, the periodic plane at Note that the complete iso-contour of ¥ " ! ' ) 2 1) @ has been shown in Fig. 10(b) . Increasing the value of the rotary stagnation pressure loss shows that the tip vortex originates at the upper side of the tip cap, and not at the intersection point of the tip cap and the wing trailing edge.
Discussion
In this paper an innovative CFD algorithm for the simulation of rotor wake vortices has been presented. This algorithm is a DG finite element algorithm based on an ALE formulation in conjunction with anisotropic grid refinement of hexahedral elements. In section 1.3 the basic requirements for this CFD algorithm to be able to simulate helicopter rotor flows have been identified.
Features of the presented discontinuous Galerkin approach are:
(i) the vorticity is carried as an independent flow variable; it is implicitly related to the ).
